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Thisdocument isauser’ sguidefor theV ol peCenter AcousticsFacility’ s(V CAF) Time-Space-Position-Information

(TSP System. The VCAF TSP system is adifferentia globa postioning system (dGPS) which may be utilized

for highly accurate vehicle tracking during acoustic and other tests, aswell as surveying of field measurement Sites.

Each section of the document is meant to be standalone in terms of its specific purpose. As such, portions of the

document are redundant.

The document is organized as follows.

Section | Base Station Multipath Test . ... ..o 1
The purpose of abase station multipathtest isto establish whether or not multipath affects reception of GPS
satellite Sgnds in the vidnity of the base station. It is important to perform this test during the hours of
expected use of the TSPl system (i.e.,, daylight hours, for most tests).

Section 11 Base Sation POStION AVENAOING . . . . o v et et e e e 7
The purpose of base station position averaging is to, in lieu of a known, surveyed marker, accurately
determine the absolute location of the base gation. Thisstepisnot necessary if asmple, relative coordinate
systemisal that is required.

Section 111 Deployingthe Base Station . . . . . ..ot 13

The base gation is deployed to tranamit differential correctionsto the rover, which is typicaly ingaled on
an arcraft for aflight test, or podtioned at a survey location.

Section IV DeployiNngthe ROVEr . . ... e 19

The rover is deployed in order to: (1) survey atest sSte; or (2) collect real-time, time-space-position
information data for amoving vehicle,

Section V Output FIIeFOrmMELS . . . . .. oo 27
This section presents deta file formats for the current version of the VCAF TSPl system.

Section VI Coordinate Transformation . . . . . .. .. oot ee 33
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This section describes andgorithm built-in to the TSPI software for transforming latitudes and longitudes to
aloca coordinate system.

SectionVII System COomMPONENS . ... oottt et e e e 35
This section presents a current list of system components.
Section VI Hepful HINES ..o e e e 37

This section provides the user with some guidance with respect to troubleshooting system errors and
performance.

Section IX Panned Future Enhancementsto TSPl Softwareand Manua . ... .................... 41
This section presents alist of planned future enhancements/changes to the TSPl software and manual.

Appendix A Coordinate Transformation from Geodetic (Lat-Lon) to Messurement Frame (X-Y) ....... 43
Appendix A presents equations whichconvert geodetic position data (i.e., latitude, longitude, and dtitude)
derived froma GPS receiver onboard anaircraft to rectangular coordinates associated witha measurement
program. Both exact and approximate equations are presented.

Appendix B SygemHIght Test .. ... o 49
Appendix B presents the results of aflight test of the VCAF dGPS TSPl system.

Appendix C  Example Andyssof MultipathData . ... ... 57
Appendix C presents example multipath analysis data

Appendix D Sysem Stability Test ... ... o 61

Appendix D presents the results of a brief system stability field test performed with the TSPl system.

Appendix E SampleDaalogs . . ... ... 65
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Appendix E presents sample data logs for field tests using the VCAF TSPl system.
Appendix F  Ingdlation of Antennae on Aircraft . ... e 69

Appendix F presents specifications for ingtalation of GPS and communication antennae on aircraft.
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When oneinitidly entersthe software, the falowing main window is displayed. All software functions described
herein may be accessed through pull-down menus from the main window.
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l. Base Station Multipath Test

The purpose of abase station multipathtest isto establishwhether or not multipath affects receptionof GPS
satelite sgnds in the vicinity of the base station. It is important to perform this test during the hours of
expected use of the Time-Space-Position-Information (TSP) system (i.e., daylight hours, for most tests).
See Appendix B for amore detailed discussion of GPS multipath issues. It is assumed that multipathis not
an issue for the rover system.

A. Secure NovAtel GPS receiver and GLB Radio Antennae

g The GPSantenna should be oriented with the northarrow on its base pointed
north, suchthat it hasafull view of the sky (i.e,, inall directions). Thealtitude
of the antenna should be such that any refl ectiveobjectsinthe vicinity, which
may cause multipath problems, should be kept below the antenna. The GLB
radio antenna should have a line-of-sight view to the aircraft at all times.

B. Connect NovAtel GPS receiver (COM1) and Computer (serial port- COM1) vianull modem cable
C. Connect GPS Antennato NovAtel GPS receiver

D. Power up NovAtel GPS receiver (i.e., connect DC power cable between 12-V battery and receiver)
E Power up Computer

F. Set Computer Time-Of-Day
Thisisdone so-that the time-of-day samp for dl datafiles may be referenced to the actud time-of-

day.
G. Create data directory for storing al files (usng either DOS or Windows Explorer)
H. Invoke TSPl Software by running TSP1.EXE

l. Select Data Directory
[File, Data Directory]

Z The default data directory is the one previously used by the software.

Page 1 of 75
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However, this information is only saved when the program is closed down
normally (i.e., it does not lock up).

£ _|c|x|
Lo e ‘I
Frrer [ 5
e [T
EEIEH
eleck Lanc=l

J. Sdlect Time-Base
[Options, Sdlect Time]
“Recaver Time + GPS Offset + Zone” is the VCAF standard, where “GPS Offset”
accountsfor the 10+ second laginGPS time withrespect to UTC, and “Zong’ isthe relative
difference between the loca time and Greenwich Mean Time (GMT).
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The fallowing table presents the “Zone’ offset for the four time zones within the

continental United States;

TimeZone Daylight SavingsTime | Sandard Time
Eastern GMT - 0400 GMT - 0500
Centra GMT - 0500 GMT - 0600

Mountain GMT - 0600 GMT - 0700
Pecific GMT - 0700 GMT - 0800

This table is meant as quick-reference guidance for selecting the appropriate time
zone offset, however, care should be taken to ensure time-of-day is correct- it
should be verified once utilizing one of the base or rover functions.

K. Exit TSP Software & Re-invoke
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Thisis done so-that al settings entered above are saved. Settings may or may not be preserved
unlessthis sep is performed.

L. Perform multipath test
[Base, Multipath Ted]
z_f_ ~ Themultipath test is hardwired to run for 24 hours. To run for shorter time
periods, simply exit out of the program.

Z The NovAtel GPS receiver must have satellite lock, indicated by an
illuminated green Valid Position” light on the front panel, prior to this step-
if it doesnot, run-time error ‘11" may occur (see Section VIII for moreinfoon

error messages).
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A didog box gating “Testing PC to NovAtel Connection” should appear, followed by two more
dialog boxes, one after the other:

. Pleasp wait

Initializing Novatel __

TSPI E

Baze Station [titializedl

The two windows on the following page will automaticaly be opened. The first (main) window provides a
red-time summary of the multipath data being collected. The second window, which may be reached by
minimizing the firg, shows the red-time streaming data from the tracked satellites.

M. After the multipath tegting, further andlyss of the resultant data filesis required (i.e., with a Spreadsheet) to
determine if multipathis anissue at the measurement site (see Appendix B for amore detaled discussion of
the multipathanalyss) Note: The TSPl softwarergjectsal satellites below an eevation angle of 10 degrees
to help minimize multipath effects a the base Sation.
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Base Station Position Averaging

The purpose of base station position averaging is to, in lieu of a known, surveyed marker, accurately
determine the absolute location of the base station.  This step may be abbreviated if a smple, relative
coordinate system isdl that is required.

Secure NovAtd GPS receiver Antenna

Z The GPS antenna should be oriented withthe north arrow on itsbase pointed

north, suchthat it hasafull view of the sky (i.e., inall directions). Thealtitude
of the antenna should be such that any reflectiveobjectsin the vicinity, which
may cause multipath problems, should be kept bel ow the antenna.

Connect NovAte GPS receiver (COM1) and Computer (serial port- COM1) vianull modem cable

Connect GPS Antennato NovAtd GPS receiver

Power up NovAtel GPS receiver (i.e., connect DC power cable between 12-V battery and receiver)

Power up Computer

Set Computer Time-Of-Day
Thisisdone so-that the time-of-day stamp for al datafilesmay be referenced to the actual time-of-
day.

Cregte data directory for storing dl files (using either DOS or Windows Explorer)
Invoke TSPl Software by running TSP1.EXE

Select Data Directory
[File, Data Directory]

g The default data directory is the one previously used by the software.

However, this information is only saved when the program is closed down
normally (i.e., it does not lock up).
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J. Sdlect Time-Base
[Options, Select Time]
“Receiver Time + GPS Offset + Zone” is the VCAF standard, where “GPS Offset”
accountsfor the 10+ second lagin GPS time withrespect to UTC, and “Zong” isthe relative
difference between the loca time and Greenwich Mean Time (GMT)

Time £one

— Drata Collecton Time GMT 1200

GRAT-17:00
GRAT-10:00

Receiver Ti GMT 0200
s GMT-08:00
GRT-07:00
Reoocivzr Time o GMT DE:00
GFS Oifzet Gk T-05:00
Beceiver Ti aMT-04:00
. ECEINVIT | IME + GMT 02:20
k. GPS Olfzet + Fone GRAT 0300

GRAT-02:00 I
GMT 01:00

GRT

GRT+01:00

GMT 10200

GRT+03:00

GMT+03:30

GMT 1 04:00 =l

Ok | Cancal |

i~ Receivar Time
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The fdlowing table presents the “Zone”’ offset for the four time zones within the
continenta United States:

TimeZone Daylight SavingsTime | Sandard Time
Eastern GMT - 0400 GMT - 0500
Centra GMT - 0500 GMT - 0600

Mountain GMT - 0600 GMT - 0700
Pecific GMT - 0700 GMT - 0800

Thistable is meant as quick-reference guidance for selecting the gppropriate time
zone offset, however, care should be taken to ensure time-of-day is correct- it
should be verified once utilizing one of the base or rover functions.

K. Perform along-term averaging to determine the base station position

[Base, Survey Base Station]
ijf__ﬁﬁﬁﬂ%&@&@&@&iﬁ@&@&ﬁﬂﬁaﬂﬁ&&@,
a 1-hr update rate would be ideal. Astimeprogresses, the GPSreceiver will
converge on the actual position of the base station. For tests where absolute
positionisnot required, a2-minuteduration witha 30-second updateratewill

____ _sffice  __ _ _ _ ___ ___ _ ___________
%?f__ﬁE%@@E&ﬁ&ﬂ?&&E@Eﬁﬁa&im&&ﬁ@3n
illuminated green “ Valid Position” light onthefront panel, prior to this step-

if it does not, run-time error ‘11" may occur (see Section VI11 for more info on

A didogbox steting“ Testing PC to NovAtel Connection” should appear, followed by aninitidization
box:
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. Pleasp wait

Initializing Novatel __

After the NovAtd GPS Recelver isinitidized, the Survey Base Station diaog box appears.

Collect pogtion data for the base stationantenna. Enter “Comment”, i.e., location and other unique
steinformation; “Duration”; “ Update Rate” and click on the “Begin Survey” button. During
data collection, this button switchesto “Collecting Data’. At the end of data collection, it
switchesto “Survey Complete’.

Z Thedatainthe” Survey Point” box will not appear until after the duration of
one averaging period. Subsequently, the data in this box represents the
averagefromthe previous“ UpdateRate” period. The small box to theright
of the data collection button indicates in real timethe number of secondsinto

any given averaging period.
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After“ Survey Complete’ appearsonthe data collectionbutton, transcribe find datafor the base stationsurvey from
the appropriate SB datafile (i.e., write down coordinates in degrees and dtitude in feet).
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Deploying the Base Station

The base stationis deployed to transmit differentia corrections to the rover, typicaly inddled onanaircraft
for aflight test, or positioned a a survey location.

Z If the base station isbeing deployedimmediately after either the " Base Station

Multipath Test" (Section 1) or "Base Station Position Averaging” (Section 1),
briefly power down the NovAtel GPSreceiver so-that it losesitsinitialization
and exit out of the TSPI software before continuing (see Section VIII-A for
guidance on software error messages).

Connect NovAte GPS receiver (COM1) and Computer (serial port- COM1) vianull modem cable

Secure NovAtd GPS recaever and GLB Radio Antennae

Z The GPSantenna should be oriented with the north arrow on itsbase pointed

north, suchthat it hasafull view of the sky (i.e., inall directions). Thealtitude
of the antenna should be such that any reflectiveobjectsin the vicinity, which
may cause multipath problems, should be kept below the antenna. The GLB
radio antenna should have a line-of-sight view to the aircraft at all times.

Connect GPS Antennato NovAtel GPS receiver
Power up NovAtel GPS receiver (i.e., connect DC power cable between 12-V battery and receiver)
Power up Computer

Set Computer Time-Of-Day
Thisisdone so-that the time-of-day stamp for dl data files may be referenced to the actual time-of-

day.
Cregte data directory for storing dl files (using either DOS or Windows Explorer)
Invoke TSPI Software by running TSP1.EXE

Select Data Directory
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[File, Data Directory]
]_ r_ ®  The default data directory is the one previously used by the software.
However, this information is only saved when the program is closed down
normally (i.e., it does not lock up).

& _|c|x|
I | He ‘I
Erlrer
= [T
I
Galack Lancal

J. Sdect Time-Base
[Options, Sdlect Time]
“Receiver Time + GPS Offset + Zone” is the VCAF standard, where “GPS Offset”
accountsfor the 10+ second lagin GPS time withrespect to UTC, and “ Zon€’ isthe rddive
difference between the loca time and Greenwich Mean Time (GMT)
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Time £one
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Ok | Cancel |

The fallowing table presents the “Zone” offsat for the four time zones within the
continenta United States:

i~ Receivar Time

TimeZone Daylight SavingsTime | Sandard Time
Eastern GMT - 0400 GMT - 0500
Centra GMT - 0500 GMT - 0600

Mountain GMT - 0600 GMT - 0700
Pecific GMT - 0700 GMT - 0800

Thistableis meant as quick-reference guidance for selecting the gppropriate time
zone offset, however, care should be taken to ensure time-of-day is correct- it
should be verified once utilizing one of the base or rover functions.
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Ok | Cancal |

K. Enter Base Station L ocation Coordinates
[Reference, Base Station Position]

i~ Receivar Time

These coordinates should come fromeither aknown, surveyedlocation, or fromthe position
averaging asinSectionll. Any vaue may be used if asmple, rdative coordinate systemis
al that isrequired.
g When using the coordinates from an averaging period of the Base Station
Positioning Averaging (Section 1), it is necessary to cut and paste the values
from the resultant “ Sommddyy.xxx” file, as opposed to ssimply reading them
from the dialog box, as there is more precision in the data file.
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Lat: [42.4650833900000] ©
Lon:|_-71.2820506200000] °

Alt|  288.7000000000000| ft

0Ok | Cancel |

L. Exit TSPl Software & Re-invoke
Thisis done so-that al settings entered above are saved. In the case that the software and/or the
computer lock up, settings may or may not be preserved.

M. Check base station coordinates, time base, and data directory to ensure dl information was saved

N. Turn On Base Station
[Base, Turn On Base Station]

Z The NovAtel GPS receiver must have satellite lock, indicated by an
illuminated green“ Valid Position” light on the front panel, prior to this step-
if it does not, run-time error ‘11' may occur (see Section VIII for moreinfoon
error messages).

A didog box gating “Tesding PC to NovAtd Connection” should appear, followed by two more
dialog boxes, one after the other:

. Pleasp wait El |

Initializing Novatel _.

Page 18 of 75



Volpe Center Acoustics Facility User’s Guide
Time-Space-Position-Information System (TSPI) Deploying the Base Station

TSPI K

Baze Station [nitializedl

Click “OK”
O. Connect Radio Antennato GLB Radio
P. Power Up GLB Radio
Q. Connect GLB Radio (25-pin connection) to NovAtd GPS receiver (Com?2) via seria cable

R. Check GLB Radio Transmission
The TX LED on the GLB radio display panel should flash once-per-second - this indicates
transmissonof differentia corrections (see SectionV 111, Helpful Hints, for moreingght onthe GLB
Radio LEDs).

S. Disconnect Computer from NovAtel GPS recelver

z_f_ ~ After initializationof thebase station, extremecare should betaken in making
or breaking connections to the NovAtel GPSreceiver. If power islost onthe
receiver, however briefly, the initialization may be lost.

Note: The software rgjects al satellites below an eevation angle of 10 degreesto hdp minimize multipath
effects a the base station.
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IV.  Deploying the Rover

ﬂf_ ~ Ifrover isbeing deployed immediately after any of the base station software
features are used, briefly power down the NovAtel GPS receiver (rover)
so-that it losesitsinitialization and exit out of TSP softwar e beforecontinuing
(see Section VIII-A for guidance on software error messages).

A. Secure NovAtel GPS receiver and GLB Radio Antennae

B. Connect NovAte GPS receiver (COM1) and Computer (serial port- COM1) vianull modem cable
C. Connect GPS Antenna to NovAtel GPS receiver

D. Power up NovAtd GPS receiver (i.e., connect DC power cable between 12-V battery and receiver)

E Set Computer Time-Of-Day
Thisis done so-that the time-of-day stamp for dl datafilesmay be referenced to the actua time-of-

day.
F. Create data directory for storing al files (using either DOS or Windows Explorer)
G. Invoke TSPl Software by running TSPI.EXE

H. Select Data Directory
[File, Data Directory]
'W_!_ ~ The default data directory is the one previously used by the software.
However, this information is only saved when the program is closed down
normally (i.e., it does not lock up).
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l. Sdect Time-Base
[Options, Select Time]

“Receiver Time + GPS Offset + Zone” is the VCAF standard, where “GPS Offset”
accountsfor the 10+ second lagin GPS time withrespect to UTC, and “Zong” isthe relative
difference between the loca time and Greenwich Mean Time (GMT).

Time Zone

— Drata Collecton Time

" Receivar Time

Receivar Time +
£0ne

Roocivzr Time o

GPS Olfzet

= Receivar Time +
GPS Olfzet + Zcne

o |

GMT 1200
GMT-11:00
GMT-10:00
GMT 09:00
GMT-02:00
GMT-07:00
GMT 0E:00
GMT-05:00

ERT-04:00

GMT 0230
GMT-02:00
GMT-02:00
GMT 07:00
GMT

GRAT+07:00
GMT 0200
GRMT+03:00
GRT+03:30
GMT 0400

Cancel |

=l
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The following table presents the “Zone’ offset for the four time zones within the
continental United States:

TimeZone Daylight Savings Time | Standard Time
Eastern GMT - 0400 GMT - 0500
Centrd GMT - 0500 GMT - 0600

Mountain GMT - 0600 GMT - 0700
Pedific GMT - 0700 GMT - 0800

Thistableis meant as quick-reference guidance for sdecting the appropriate time
zone offset, however, care should be taken to ensure time-of-day is correct- it
should be verified once utilizing one of the base or rover functions.

J Surveying 2 Points to Define Loca Coordinate System

J1 Prepare to Survey Two Pointsto Determine Loca Coordinate System
'Z_f_ ~ If only absoluteposition (latitude/longitude) is being used (i.e., no local X-Y-Z
coordinate system is needed), step | is not necessary.

Z The first of the two pointswill be the origin of the coordinate system. The
second will be a point on the positive x-axis.

Z The NovAtel GPS receiver must have satellite lock, indicated by an
illuminated green“ Valid Position” light onthefront panel, prior to this step-
if it doesnot, run-timeerror ‘11' may occur (see Section VIII for moreinfoon

error messages).

[Rover, Survey Points|

A didog box gating “ Testing PC to NovAtd Connection” will appear followed by:
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J2

J.3

J4a

J5

J6

J.7

Z The data in the “ Survey Point” box will not appear until the completion of

. Pleasp wait

Initializing Novatel __

After initidization of NovAtd GPS Recaver, connect radio antennato GLB Radio
Power Up GLB Radio

Check GLB Radio Reception
The RX LED on the GLB Radio should flashonce-per-second - this indicates reception of
differentia corrections (see Section V111, Helpful Hints, for more ingght onthe GLB Radio
LEDS).

Connect GLB Radio (25-pin connection) to NovAtd GPS recelver (Com2) viaseria cable

Locate GPS Antenna a Point to be Surveyed

Collect Data

Enter “Comment”, i.e., location and other unique Site information; “Duration” and collect data
(typicaly 1 to 2 minutes) by dickingonthe “ Survey Point” button.  During data collection,
this button switches to “Collecting Data’. At the end of data collection, it switches to

“Survey Point”. Transcribe find datafor the first point and then repeet this procedure for
the second survey point (i.e., write down coordinates in degrees and atitude in feet).

data collection.
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K. Define the Loca Coordinate System

[Reference, Rover Coordinate System]

Copy transcribed position data for two survey points into the appropriate fields.

& Dafme Loral Coordinate Systen

Axiz Origin:

Lak: [#2.3622033400000]
Lor:| -70.0707050400000]

Al auy w uUUUOOOLIY| f

Paint on the X Axis:

Lok [42962761720D000)
Lon| -70.07GZ037000000

Al 213 21suuuuuuuu| R

Z Dela. |

N nnnnnnnnnnnn £ Dl:".d.l n I'I'I'II'II'II'II'II'II'II'II'II'Il'Il Ft

Ok | Concel |

The “Z Ddta’ fidd is used for teking into account two things (1) the height of the antenna used for the
surveying () Z,) above ground leve; and/or (2) ardative differenceinground height betweenthe two survey
pointsused to define the local coordinate system () Z,). Asanexample, givena) Z, of -5ft. (i.e., asurvey
antennaonab-ft. tripod) and a) Z, of - 2 ft. (i.e., the x-axis survey point 2 ft. lower indtitudethanthe origin
survey point), “Z Detd’ for the origin would be -5 and “Z Ddta’ for the x-axis point would be -7.

Z It isimportant to take intoaccount any relative difference in height between
the two survey pointsto ensure the z-axisistruly vertical. For example, an

aircraft that flies directly over the origin should pass through a point with
coordinates x=0, y=0 (see figure below).

Notethat asof TSPI Version 1.2, the Z Delta function does not function properly. Itsdiscussion
in this section isincluded simply for illustrative purposes.

L. Exit TSP Software & Re-invoke

This is done so-that al settings entered above are saved. In the case that the software and/or the
computer lock up, settings may or may not be preserved- this should be checked, but it likely will
save time re-entering data in the case of alock-up.

M.  Check All Settings
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N. Prepare to Collect Tracking Data

[Rover, Callect Track Datd]

Z_ 2  The NovAtel GPS receiver must have satellite lock, indicated by an
illuminated green “ Valid Position” light onthefront panel, prior to this step-

if it doesnot, run-time error *11' may occur (see Section VIII for moreinfoon
error messages).

Z 1A
. l Muetophone

@é, / : Survey Aatenna

TSPl software will initidize the NovAtel GPS receiver.  The differentia solution will only be
“pseudorange’ (8) at this point, Since corrections are not being received. Thefollowing is
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the main window used for collecting track data:

- puber Tiras $pace Positien Tdoatsakion - [ Track Datal

[ R S

Frwi e Opciraa Aae-itbma Frelp

Tk,

Blc|5d 411 HRANRITRED

Time. [1 =452 uuT 1 Bealu. |5_
Lar- 12 AzH S N
Lur |-7 100509132 Ll P

ft v R AAPPHARIAIARS |y

Hari= |B. 54 1635E-02 Nt
wrak [T =

MT20 Seoduz: G- FITTITEATRR

Inc:al Hetraenon:

Commeant:

Bidr Track [} Up Treck (2]
[ 4§

From M ik [i7] i
=L BN LT A1 1L

Starl Collectinn X =

LTI

200 Ft

10D f

Masitan Over Microphane e =
.
Side Track 1 Up Track [] Y5
I i] I L] :l:::r'

Trem Hike [ [ v e

B [ f AN

= Prolile: e — gy n —
—

;I;Ix T¥

0. Power Up GLB Radio

P. Check GLB Radio Reception
The RX LED on the GLB Radio should flash once-per-second - this indicates reception of
differential corrections.

Q. Connect GLB Radio (25-pin connection) to NovAtd GPS receiver (Com2) viaserid cable

Page 26 of 75



Volpe Center Acoustics Facility User’s Guide
Time-Space-Position-Information System (TSPI) Deploying the Rover

Page 27 of 75



Volpe Center Acoustics Facility
Time-Space-Position-Information System (TSPI)

User’s Guide
Deploying the Rover

If the NovAtel GPS receiver isreceving the corrections, the RT20 solutiongtatus (indicated in the “ Solution
Status’ box) should convergeto 2, 1, and then findly to O, givenoptimum conditions. If the system doesnot
convergeto either a0 or 1, something is wrong with the system.

RT20 Solution Status System Accuracy
0 20cm
1 30cm
2 variable
8 100 m (No Differentid)

R. Click “ Start Collection” to collect event-based tracking data
Enter Comment (i.e., Event number and/or other event-specific data.
The*Sart Collection” button will now read “Stop Filexxx”, where ‘xxx’ isthe TD file extenson
and automaticaly increments each time data collectionisinitiated (see SectionV, Output Fle
Formats, for more information about output data files).

Z Prior to collecting actua position data (inthe case of aflight test) or survey data (in
the case of agte survey), one should check the orientation of the coordinate system.

Survey two locations, including one of the two points used to define the coordinate
system, aswell as one point not onthe x-axis. Experience showsthat detailed site
diagrams, induding compassdirections and loca topographica festures, aideinthe
interpretation of TSPl data after-the-fact.
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V. Output File Formats
This section presents the output data file formats for Version 1.2 of the VCAF TSPl system.
A. Multipath Data

Multipath data files are output during the procedures outlined in Section | of this document. Individua data
files(format illustrated below) arecreated for eachsatdlitetracked during the multipathtest. Anandyssmay
be performed using these files to determine if multipath is of concern at a given location.

Filename format: [##mmddyy] (“##’ =satellite PRN number (unique to each GPS sadlite);
“mm’=month; “dd’=day; “yy"=year)
2-line Header: 1% line: Volpe Center TSPl (Version 1.20) Multipath Data
2" |ine: Data Collection Specifics: Date [mm/dd/yy]/Units/Time Base

File DataFields:

Time of Day

PseudoRange (m)

PseudoRange - CarrierRange (computed: PseudoRange + CarrierRange)
Carrier Phase (cycles)

C/No (dBHz)

PseudoRange Sigma (m)

Instantaneous Carrier Doppler (Hz)

CarrierRange (computed: (C/(1575.42* 10° + Ingt. Carrier Doppler))* Carrier Phase
Carrier Phase Sgma

LockTime (number of sec of continuous tracking)

Tr-Status (hex code)

Recelver Status (hex code)

Azimuth (°)

Elevation (°)

Resdud (m)

Reject Code (0 is used in solution; 1-8 are rejected)

Thefollowing isan example of a“Multipath” datafile
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Folpa Carmar TSEL Warsiobn Z.20) Milt—path Iacs

DErE7r0]), Tedle — Fuwl, Tisw - Pawwivwr + 20% Clfawl + Tiuw D

N3 40 36 PRINETIS 7 15e Tef ISR IdRES S IF4SAcTRT RbF ) S8 dAT ) ATR ST -PRTIT Y TARSAdE . TRR PF ORT RRe TTNOTAFR, R1A 4 19 T4 -7 35A N

000 30: 07, ZXvZ00_ 00, ZO0 Q00100017 1404020, 270, DE.D, 477, IE0C11. ETT0QTI0. 70020, (CEs. ZI.01.ECd JZOO0LZOTE, ZLRZ4, ZDOCG. Q=hh. 0
L A0z e, e URd UL ELE, R LR EbcERMEUM, —LPlbeddE L 38, e, L Tvd, L ALY, —sd_mele dzolzed, UL, sd.ao, Eol (UU__U_BF, #_t el ol Ut = _bz, _
02000 3, JIV0EEL0.EEE, LE) OLE1SMENTES ~1 21862 ES L BBl Z, AES, SEF_CEE, -IZT0FITEL SSE323, (027, B 31,.EE) (COO1ZOFP, FLE.SE, LFOCE. -5 13,
D340z 0, ZET0FE0_J0e, ZEI ZTJLESOATLIIEE -124EElS o FE.F, (ABE. ZEA_2E -2RFCEEITOLEIZES, 021, 28 EL E:d 0QOQZIOZAF, FIE.EZ, 15 02 - 083, Z
03 40 4" | SRIMGEE SRE CRF REFARCITAMLRE S1AEFTRIA JER. ORE 3, ATF, SFR FL -FRICRFIA V4RSARF TS O2T R SR4 NTNCTTFF, R1F SR 19 TG =% OFROC
- 40- 45 0 #07mM= 0N 5 e 07 AarmTIinarEn | 1ERIATE 0T oan 5 4“. AP R Iy 1 1 [ Rt T W PR | B s DL L R o ) | PSS L R P
[ULHE T 1 Rt LT | N | P M T [P A PP EL I 11 PR i SR . e AUGL MULUUE S LD U o UL ahd UL L e L, o, o
[EEH DL o L P 1A T L e I B R EC EE N R oL, Adl, c L RN Sl SEdeLEY ., LEL, Vo WAEET UL UEE, LA = WL -FLYE, U
0300 dE, IFI0ESLI_CRE, LEFEETTIETEOIE0Z, LALA, TIELLEE, =272 Efld2l, .02, E1.31,.I5d ,ZOOQLO0BR, Z_E_E_, L0A, -3 215, 0
D540 8, DETORETI_E0E, RS TELOSSSELD0T -1SdEITTEE 2L, EELZ, (42T, T4 S5 -IESE TLOEWOSCEE, (I, EXLEL FEEd 00ZIOZFF, FLE.EL, L5 -B.ZAT. 0

03 40 47 SRIMESR 171, A5 NIRRT TITAT STARFARTY SR SR 3, &R TP F ST ATTIRAT TSRS, 0T, T OR1,RRd _TNNINNRR, TR OF, 191, -5 CFon

B. Survey Base Data

Survey Base datafilesare output during the procedures outlined in Section1 of this document. They contain
data pertaining to the absol ute position of the dGPS base station. A new file (with associated incremented
file extenson) is created each time this function is invoked.

Filename Format: [SBmmaddyy.xxx] (*mm’=month; “dd’=day; “yy” =year; “xxx"=file increment)

DataFidds:
3-line Header: 1% line: “Volpe Center TSPl (Version 1.20) Survey Base Data’
2" |ine: Comment Field (entered during data collection)
3"]ine: Data Collection Specifics: Date/Units/Duration/Update Rate/Time Base
Data Records. Time-of-Day;
Average Pogtion: Latitude (°); Latitude Standard Deviation(®); Longitude (°);
Longitude Standard Deviation (°); Altitude (ft); Altitude Standard
Deviation(ft); Number of Secondsinto Average; Seconds per Sample
RT20 Solution Status (beginning of survey to current time): Mean; Maximum;
Minimum
Number of Satlites (current record): Mean; Maximum; Minimum
I nstantaneous Pogition: Latitude (°); Latitude Standard Deviation(®); Longitude (°);
Longitude Standard Deviation (°); Altitude (ft); Alttude Standard
Deviation(ft); Number of Secondsinto Average; Seconds per Sample

Thefollowing isan example of a“ Survey Basg’ daafile

Jalyd Carbac TIFD (fMea nu' 1 !I:I} -y Juwn Lakn
Amsdty Doot Onad JERE:D H
OGe 2 77 E0- UrsEx I:‘I:ll

lt'u 10.0: Ih.d.l.bl 118 10.00 11 . “iwa acad-4. 1 QF] JfiAaz 0 Jigam Dead

O8:35:21_ w2 332011242 ll! .3 la2add P104: ! T! iz1f iliﬂﬂll LR ATRISEEIAGAEAN. 1) ARC A NN TR ad I PIALRdAREPLS.31.20.].0. I . 7 i! ! :um: 1A 5. B1G Y. -T1. LSS AN e a1aae Y. 2 IR IREE. e A1WES. 17104 YT
MMCTAF1 a3 TARIACARCITON T TTAMRIIATIASLG -7 CAmIET, 3 TITIMITIAL, 11 RRIIZIAGAIAN 17 MIITTAAMTI AR TE MMLE 2 27 aR mt R T T P R e P P -p e

MH - Dhe el md HE A4 mmbh, - D EKEHEAAMMIT A — 01 4RI0T Dadcddw 2 W SHIT IRIL 4 kR BOHE adh, 1 S0 Ho S LSRR AN, P11 LB A b G Z44MS dhak. £ G0o 334 =0 BEMINRD P4 36 0 SIRG LR S44. RA4M
LT T L T T B L T e T T T I PO RV D <|m-. T N N T R T e
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C. Survey Point Data

Survey Point data files are output during the procedures outlined in Section |11-K of this document. They
contain data pertaining to the absolute position of the points surveyed to define a loca coordinate system.
A new file (with associated incremented file extension) is created each time this function is invoked. If,
however, muitiple data points are collected without closing the TSPl software, the separate data pointswill
gopear asindividud lines within the same detafile.

Filename Format: [SPmmddyy.xxx] (“mm”=month; “dd’=day; “yy”=year; “xxx"=file increment)

DataFidds:
1-line Header: 1% line Type of Data (Survey Point)/Date/Units'Time Base
Data Records. Comment Fidd; Time-of-Day; Duration; RT20 Status; Latitude (°); Latitude
Standard Deviation(°); Longitude (°); Longitude Standard Deviation (°);
Altitude (ft); Altitude Standard Deviation(ft)

Thefollowing is an example of a“ Survey Point” detafile

il'nl]m Oenkee TSBET (fecaion 1.20) Suc ve:,- Eni.nl: Data, 06727700, Unika - Paxk, Time - Receiwec + @RS OffsE + Tinwm Bonc
Syk Ocigin. Sablcidck af nklkn £k, 10.0G.34,00.02.00,0,42.3004743431667,0.1202700, 71.1301695007003, 0.2177625, 55,6539, 0.6070677
W aya Rxia: inbtecagceb of willl'.wiglr l m:l 1I] 11:01,00:02:00,0,42. 3883536837916, 8.165417E-02,-71.1382561347916,0.1856125,55. 10424, 0.4497749

D. Track Data

Track Data datafiles are output during the procedures outlined in Section 1V-N of this document. They
contain data collected: (1) during surveying of postions after a loca coordinate system is established, and
(2) during flight tests. Two typesof track datafilesare generated by the TSPl software: Track Position[TP|
and Track Veocity [TV].

Track Pogtion Data Files
Filename Format: [ TPmmddyy.xxx] (“mm”=month; “dd’=day; “yy” =year; “xxx"=file increment)

DataFidds.
6-line Header: 1% line “Volpe Center TSPl (Version 1.20) Aircraft Track Position Data’, Date
2" |ine: Comment Field (entered during data collection)
3ling “(P)odtion a 2 HZ”
4" ling: Units; Time Base
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5™ line: Coordinate System Origin Location
6™ line: Coordinate System 2" Point Location

Data Records:

Time of Day; RT20 Solution Status; Latitude (°); Latitude Standard

Deviation(®); Longitude (°); Longitude Standard Deviation(°); Altitude (ft);
Altitude Standard Deviation(ft); X (ft); Y (ft); Z (ft) [position recordsare @
2HZ

The following is an example of a“Track Data- Pogition” datafile:

Toloe Cemper TEPI Versicn 1.20) Arccaft Tosck Posizooo Cata, OG/27700

Evrerde B HE,. Meovoplooe TR Sazzzar “heck

Pl ook g 2 £

Tris=="FRee | T e = Bar e = 22 A0kl + Tinw
BeTarRCMET TEICT T (3'«,\]{“3"')3_‘(&55;, 7147 FSAT4E4RTIRST,
Peraranca: ¥ AME (3, F,.E.0FIsAL =0 4l 33S3E35SITALE,

JLrralll, o, L sMEEEEL s U UaE el HEld s L Led, b
JLrsralob, o, L MBI bLe, U ler  —r Lo L1 VE ) LY, be
o e N P et= 1= P 5 e 1 = == I Nl e Y =0 <
IC-le: ZE D L4 Z0MMESLD 0,032, Lo ZICL4lA, D LED, B
ICo e ZDLC, L TOMMERED 00D, PLoIATL4I O LS, B
L0 S8 23 . .48 I8SHESET 0038 L. LEEL4I7E 0 LES Sa
rOTE Te [T 4F GRRISSRFA N NAS, T CSFI4TTE N IFA, AR
rewEcTe BT 4P GARMISFY N NAT, T A I4TAT.TIFA, SR
IC:EE:EE.C, I, 4F. FESMIELIS, O.0FE, -FL.IEELAITE,D.LEE, BE
IR ~SRPTU R R e W TR TP WSy B ™ J L
Lzl o, L sMEEREE U Uek <Ll _EEL1 W, Lisd, ke
IC-=E:ze B, Z,IE EReMEERL 0.02E =Tl J2ElAl7E, 0 LEe kel
LC- I ITLCL L TOMMEREE, 005D, TLLIATLEIT DL LS, B
IC-Ze: Zv DL EE IOMERES, 0,030, Lo LICL4IA DL LED G
OIS0, L SRS 0L03E L LEEL4I7E LD LES, Sa

e

»

=71 13RZRIRNTIRA
bl A = A 1

_bLaz AL
TR L
ZABLEEP1EEEL D
ZJ17eh0elE0Le 0
2250202202207 .7,
ZLERCEESALIET D
TRREFTAATATAS,
TIERTBANARTTAS
LZEATE010LEES O,
AL R TV E R N
P P P
LATRERDTERTE D,

ER REFA N
&, E5.10d8d, =

PR F
1IULULLEEEEL, U,

CAdesEeRieed2i I,
CEOGCEIDECGEIET,

HOGCEIIZCOEIETL .

CEOGELIIC64E T,

ANAEFFARTERARS 7T,
IRF? AR FRET 7T,
AOEELFFIEELELIL,
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SEADG T NS00,
40,
40,

40
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U
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Note that, due to the dgorithm used to properly time-stamp records on the %2 second, the first data
record in any given Track Data- Position file may be incorrectly time-stamped.

Track Vdocity DataFiles
Filename Format:

DataFidds:

[TV mmddyy.xxx](“ mm”=month; “dd’=day; “yy”=year; “xxx"=file increment)

6-line Header: 1% line “Volpe Center TSPI (Version 1.20) Aircraft Track Velocity Data’, Date
2" |ine: Comment Field (entered during data collection)
3"line: “(V)eocity at 2 seconds’
4™ line: Units; Time Base
5™ line: Coordinate System Origin Location
6" line: Coordinate System 2 Point Location

DataRecords:

records are at 0.5 HZ]

“V"; Time of Day; Horizontel Speed (kts); Vertical Speed (ft/sec) [velocity
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The following is an example of a“ Track Data- Vdocity” daafile

Wolpe Cernter TEPI (Version 1.:20) AMreraft Track Velocity Daca, 0627 /00

Evert # 34Z, Microphone 3B Sanity Check

(Wiglocity at 2 seconds

Urits = Feet, Time = Peceiwver + GPE Offset + Time Zone

Peference: Origin (¥, ¥ .Z.0ffset =) 42 3884743431667, -71.135363L007022, 55 6533, O
Peference: X Awisz iy . w .z, offset =) 42 388353683731e, -71.135256124731e, 5510424, 0O
10:32:231 , 5. 831534E-03 6. 5elesTE-03

10: 322323, 7. P EITEE-03 -3, 28083 3E-02

10:32: 35,1, 166307E-02 ,—0. 023 5275

10: 3237 ,9. 1822 EE-03 -3, 28083 4E-03

10: 32239, 7. P EITEE-03 0
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VI. Coordinate Transformation

This sectiondescribes an dgorithm built-in to the TSPl software for trandforming latitudes and longitudesto
aloca coordinate system.

TheTSPI software hasa built-in agorithm whichtransforms lat/lonto local X-Y (see Appendix A for amore
detailed technica discussionof the dgorithm). The “Loca Reference Coordinate Transformation Algorithm
Check” canbeinvoked by sdlecting [Algorithms, Local Ref. Algorithm]. After entering thelatitude, longitude
and dtitude datafor the origin (X=0. Y =0, Z=0) and a second point, the X, Y and Z of the second point are
computed and displayed dong with pertinent diagnostic information. This data may also be printed by
clicking on the “Print Solution” box.

Thefollowing diagram is the did og box into whichone may enter the coordinatesfor the two locations. The
computed results are reported in the right Sde of the diaog box.

% Local Keferance lraustornation Algoritiue Cleck =N x| I

Lefing Comdinzte: with Twn Paints: | Salatinn-

Lanstants-

1 auth- [2035748E EE1587 fo Adpha [2 DES PR P M iz,
Bazc Station [Dngin):

Lat. [42 2703244200000 © aw. [TTATE36E 1092599 e T7 307 95E06AL2 33 Lo T30 TEATATS
1 1 u
Lan|_-7u.u1 Faarstuum] An.[E033051 1. 051096 Br. B2 7322 58012017

Al uu. 2usmuuuuea] o fuu [TOAFEFAA 3257935 Au. /3719543 65379117
Along Point [5 Aziz Fointk Computed Morth-Pointing Frama Candinates:

[12.3531189000000] © £ as), [TEZE. FEIIEAT 07 F " Huilh, |-2808 2518181 3 i

Al 1595 0000000000000] f

Compoutcd Bunwior Coprdinalos:
Abonp Runway: [1151 2FRE0I01 A5 B Cross Rumgy: || RPNOAR4T05G40- 11

s plap Solutian 1"k 5 olukion | Lut
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The following diagram is an example of a printed solution when one selects “Print Solution”.

CLOZ2 ETumgh =-T Te303se4333004E-TT 1€
YTODA ErMDmId = 3327 "S3P2B3&IT0OR IF
couwbIEsg RAUMSh COORgTUSLE3T

ne = ATOTR08TAZE323034 IF
HOLEP =-38048 32JAC8T8T23 IF
E¥2r = THE38 ABTI2<4A33248 IF

cowbrreg woncp-boTueTUd [ROWS COORCTUISESE:

BT = gATagd3 €2348alTA
¥R o= TOFABATS 3302330
BV = 23TAFIS " RE2TIATS
YO = S{2802J7 "C42440a¢
CE = THIF3803 " TEJ29.AC
B = 07A32BAqREQe3F2tan
¥e = Ted8IICI"FOBERaL

¥Thpg = 3 Ped3€33331832 RIg;IUs
EYLEY = SOaridRe R2TR8L EF

COMTR ST F 3
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VII.  System Components

This section presents a current list of systerm components. Where appropriate, current component model numbers
are highlighted after the item in “[]” with serid numbersinitalics

Base Station

GPSreceiver (L1) [NovAte 3151R] CGN94340121
Data-link radio [GLB SNTR 150] 712136

Laptop computer [IBM Thinkpad 770] 78-CY580

GPS antennawith chokering (L1/L2) [NovAtd GPS-503]
Communication antenna [Antenex FG1360]

9-pin to 25-pin serid cable

9-pin to 9-pin null-modem serid cable

TNC GPS antenna cable

BNC communication antenna cable

two tripods

threaded rod for mounting GPS antenna

miscdlaneous damps/adapters for mounting antennae

Innovative International AC-to-DC converter [SB115A] (powers data-link radio off of AC current)
Compeass (for orienting base gtation receiver and drawing site diagram)
100+ tape measure

Rover (Deployedin either a“ survey” mode or on an aircraft for tracking data)

GPSreceiver (L1) [NovAtd RT20E] CGK97360001

Datarlink radio [GLB SNTR 150] 712137

L aptop computer [IBM Thinkpad 770]

GPS antenna [NovAte GPS-501 (survey mode, L1); GPS-511 (aircraft mode, L1); GPS-512 (aircraft mode,
L1/L2)]

Communication antenna [Dorne & Margolin C63-1/A (straight, 20" clearance); C63-2 (bent, 8" clearance)]

9-pin to 25-pin serid cable

9-pin to 9-pin null-modem serid cable

TNC GPS antenna cable

BNC communication antenna cable

miscdlaneous clamps/adapters for mounting antennae

TSPI.EXE software
Current Version:  1.20, Dated 4/24/2000
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The figure on the following page presents the interconnection of the various pieces of ingrumentation within the
VCAF TSPl system, as arranged for final deployment (i.e., for collection of red-time tracking data).
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VIIIl. Hdpful Hints
This section provides the user with some guidance with respect to system errors and performance.
A. Error Messages

Al RuntimeError 11

The falowing error may occur when one attemptsto initidize the NovAtel GPS receiver prior to

achieving satellite lock:
Tse |

& Fut-time error'11"

Diwizion by zeto

Possible Solution: Wait for satellite lock and re-try.

A.2  COM port of laptop computer not connected properly to NovAtel GPS receiver

LM

Q Check rall modem conection - Coml to Coml and retey!

Possible Solutions:  Check connection of null modem cable at both ends.
Ensure seriad port of computer is set to COM1, not COM2, etc.

A.3 Run-time Error 8005

The falowing error may occur if one attemptsto utilize rover functionsin the TSPl software after
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already usng base station functions, without first dosing out of the software and re-initidizing (or

vice-versa).

s

Fun-time error "\005"

FPott alteady open

Possible Solution: Close out of TSPl software and re-invoke.

B. Power Connections

DO NOT power up the GLB Radio without either the antenna or another load connected to the antenna

connection.

All power connections for NovAtel GPSreceiver, GLB Radio and any invertors should be first made at the

gd-cdl end, and then at the actud unit.

C. DataFiles

The TSPI software automaticdly increments the file extenson when multiple data files of asngle type are

collected, beginning with “000".

D. System Accuracy

RT20 Solution Status System Accuracy
0 20cm
1 30 cm
2 variable
8 100 m (No Differentid)

E System Crashes
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User’s Guide

Volpe Center Acoustics Facility
Helpful Hints

Time-Space-Position-Information System (TSPI)

It is recommended that the VCAF TSPl software be closed and reinvoked when switching between base
dation and rover functions, asit is known to crashwhenthisisdone in asingle sesson (i.e., without closing
out of the software).

F. GLB Radio LED

LEDs [lluminated
Step
Base Station Rover
Power up Radio PR, CS PR, CS
. RS RS
Connect Radio to NovAtel TX (flashes 1/second) RX (flashes 1/second)
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IX.

Planned Future Enhancementsto TSPl Software and M anual

This section presents a list of planned future enhancements/changes to the TSPl software.

A.

B.

Ability to enter either an x-axis or y-axis point for defining aloca coordinate system.

Ability to enter either an x-axis or y-axis shift when defining loca coordinate system (i.e,, if one of the two
pointsis at the center of an active runway, and cannot therefore practically be surveyed.

Correct ) Z functiondity for defining coordinate system.

Integrate multipath test and base station position averaging functions.

Add “# of Satellites’ box in Survey Base.

Add appendix to manud including procedures and discusson associated with Site surveying.
Add FAR36-type visud tolerances for approach\takeoff\level flyover operations.

Enable andysis of PDOP during Survey functions.

Compile TSP Software using Visua Basc Verson 6 (currently verson 5 is used).
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Appendix A:

Coordinate Conversion from Geodetic (L at-L on) to M easurement Frame (X-Y)
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OBJECTIVE

The objective of this appendix is to present equations whichconvert geodetic positiondata (i.e., latitude, longitude,
and dtitude) derived from a GPS receiver on board an arcraft to rectangular coordinates associated with a
measurement program. Both exact and approximate equations are presented.

MATHEMATICAL PRELIMINARIES
Earth Datum Mode
The WGS-84 modd for the earth is an oblate dlipsoid with semi-mgor axis a given by

a = 6,3718,137.0 m Eq. 1

Digtance a is converted to English units using 39.37 in/m, the appropriate conversion factor for geodetic survey
goplications. Theresultis

a = 20,925,604.5 ft (US Survey) Eq. 2

The semi-minor axisb is not defined. Ingtead the flattening f is specified as

f= a-b - 1
a 298.257,223,563

Eq.3

Earth Parameters Used for Calculations

For computational formulas, the eccentricity e (actually the square of the eccentricity €?) is used rather than the
flattening,

2
e? = 1—[9) = 2f- f2 = 0.006654379990141317 Eq. 4
a

Instead of the semi-mgjor axis, computationa formulas employ the “radius of curvature in the prime vertica” rp, =
ro(L)

r, = r) = ; z:ir?(L) Eq. 5
- e
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Here L isthe latitude of the locationinvolved. Notethatr is not constant, but instead varies with locetion (e.g., the
redius of curvatureis different at the aircraft and reference point locations); the notationr (L) isintended to reinforce

the fact that r, isafunction of L.

Reference Points and Aircraft Geodetic Positions

Two reference points (or waypoints) are used. The firgt (and main) reference point is the origin for measurement
program coordinate system. It has laitude L, longitude 8, and dtitude h,, al relative to the WGS-84 dllipsoid.
The second reference point is used to define the azimuth direction of the measurement program loca coordinate

frame. It has latitude L,, longitude 8,, and dtitude h;.

The aircraft haslatitude L, longitude 8,, and dtitude h,,
EXACT EQUATIONS

Pogtionsin Earth-Centered Earth-Fixed (ECEF) Frame

The earth-centered earth-fixed (ECEF) frame, with axes x, y and z, is defined as follows:
X liesin plane of the equator, positive sense points 90 deg east of the Greenwich meridian
y coincides with spin axis, podtive sense points toward north pole

z liesin plane of the equator, positive sense points toward the Greenwich meridian
Vectors coordinatized in the ECEF frame have a superscript e.

The position of first reference point (waypoint), expressed in the ECEF frame, is
Po, [r,(LD) +hy] aesL, :inl.o
Po = |Py| = |[(1-eDr,@p) + gl sl
Poe [7, (L) + hy] oosly, cosh

The arcraft pogtion expressed in the ECEF frame is
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Py [rp(,L4) +h,] ool gink.

Pas [r, & +h,] sosL  coed

Observe that the two radii of curvature, ry(Lo) and r (L), are, in generd, not equal because they correspond to
different latitudes. The difference vector

Ap,| |Py Py,

P, = [Py = |[A-eDr,Ly+h,]enl, Eq.7

Ap* = p, - by = |Ap| = |PyPy, Eq.8

Ap,| |Pa=Py

isthe pogition of the aircraft rlative to the firgt reference point in the ECEF frame.
North-Pointing Frame

The north-pointing frame is leve (that is, hastwo axeswhichare tangent to the WGS-84 dlipsoid) at the latitude and
longitude of the first reference point. Its coordinate axes are: East, E; North, N; and Up, U.

The pogition of the aircraft relative to the first reference point, coordinatized in the north-pointing frame is

Ap, nosd )] -sind. ) Ap,
Apyl = |-sinLysind cosly -sinlyooshy||Ap, Eq.
Apy soslgsind, sinl, coslyooshy ||Ap,

‘A

Observe that the 3x3 matrix in Eq. 9 is congtant for a giventest program;
thus these trigonometric functions need not be computed in red time.

M easurement Program Frame
The measurement program frame has its origin at the latitude and /T:

longitude of the first reference point. Itscoordinate axesareu, v and w.

E
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AXxis u is levd, and its pogtive sense points toward the second reference point. It is expected that, in most
applications, u will be the dong-runway axis. Angle"" is subtended by axes E and u and is positive whenu isnorth
of E (seefigure). Axisvisasolevd; it isorthogond to u with positive sense B/2 radians counterclockwise from u.
In most gpplications, v will be the crossrunway axis. Axisw isverticd (sameasU).

When angle "' is known, the position of the aircraft rdative to the first reference point, coordinatized in the
measurement program frame, is given by

Ap, cosx  ging O Ap, Apgoose + Apysine
Ap,| = |-sne cosx 0| |Apy| = |-Apgsine + Apycosw Eg. 10
Ap, 0 0 1]]|Ap, Apy;

To find angle **, use Eqs. 6-9, with the exception that, in Eq. 7, the latitude L, and longitude 8, of the second
reference point are used in place of those for the aircraft. Denote the result from Eq. 9 by

-AP;
AP;: Eqg. 11
Arg|
Then " isgiven by
€ = amtan(Ap,’,, Ap,() Eqg. 12

where the two-argument arctan function has arguments (opposite_side, adjacent_side).

Notetha " iscongtant for agiventest program. Thus, in Eq. 10, the sin/costerms are dso constant and do not have
to be computed in red time.

APPROXIMATE EQUATIONS

The equations below were derived from the exact equations by expanding al trigonometric (Sn/cos) expressonsin
Taylor series about the fird reference point. As a result, the trigonometric functions in Eq. 7 do not have to be
computed in redl-time; only addition and multiplicationare done inreal time to implement this technique. Numerical
testing has reveded that in the Taylor series expansion, terms up to and including second-order must be retained in
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order to reduce the gpproximation error to lessthan 1 ft for an aircraft within 15 mi of the first reference point.

In place of Egs. 6-9, the expression for each coordinate in the north-pointing frame is computed from a sum of
products, where each product is a constant (A, B, etc.) times the difference between the aircraft and first reference
point latitude, longitude, and/or dtitude. Latitudes and longitudes which are “free standing” (i.e., not the argument
of atrigonometric function) must be expressed in radians.

APB' = AE(A'A_A'D) T 'BEha.(ku_ A'IJ) - CEGLA_LD) (A'a._ A'D)

Ag = r(Ly sos(Ly)
B: = ut:(LD) Eq. 13
Cy = 7,Ly sinly)
APN = ANCLA_LD) * haCLa_LD) t 'BN'(A'J._A'IJ)2
A,, = <L.,> [1 - e eo’Ly] Eq. 14
= r »do) 2Ly
Apy = (= by = AyL, =L - By = Ay
‘41.1 = %", Ly Eq. 15
B, = %r, Ly oo’ Ly)

Asisthe case for the exact equations, r,(L,) denotes the radius of curvature for the first waypoint. Also asfor the
exact method, Eq. 10 is used to find the arcraft postion in the measurement frame from its East-North-Up
coordinates.
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Appendix B:

System Flight Test: 7/15/99
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B.1 Introduction

Described hereinisaflight test of the Vol peCenter AcousticsFacility (V CAF) Differentiad Global Postioning System
(dGPS) Time-Space-Postion-Information (TSPI) sysem. The test was performed by the Acoudtics Facility at
Fitchburg Municipd Airport on July 15, 1999. Theflight test was the culmination of a series of tests of both the
software and hardware over an approximate one-year development period. The objective of the test was to
determine the dynamic performance of the system (specificdly, accuracy and rdiability) ingaled on an aircraft
operating under conditions considered typica of those encountered in aircraft noise certification. Verson1.1 of the
TSP software (dated 5/29/99) was used for the flight test.

About 50 miles west of Boston, Fitchburg Municipd Airport is located in Fitchburg, MA. For the tests, the
differential base station was placed on the airport control tower (currently unused). The eectronics were housed
within the top floor control room, while the GPS and communi cation antennae were both placed on the roof of the
building. The following figure illustrates the set-up of the base Sation dectronics.

Thefollowing figure illusrates the location of the base station GPS and communication antennee.
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System Flight Test

The aircraft used for the test was a Piper Aztec F (PA-23-250, tail number N327DR). A twin-engine aircraft, the
Piper Aztec is a 6-passenger craft, about 31 feet nose-to-tail. The dectronics for the rover sysemwere secured in
the middle row of seats on the aircraft. The GPS antenna was mounted on top of the nose of the aircraft,
approximately 3.5 feet back, and the communicationantenna was mounted onthe belly of the aircraft, gpproximately
10 feet from the end of thetail. The following two figures illustrate the position of the antennae on the aircreft.
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%’V 70R:

Communication anfernna

In addition to the dGPS, a digital video camera tracking system (Video Time-Space-Postion-Information System:
VTSP!) was used to track the aircraft. Two Canon Optura digital video cameras were placed about 400 feet
southwest of Runway 32. Datataken from the two cameras were used to verify aircraft position usng atriangulation
technique. More detail on the VTSPl system can be found in its associated VCAF user’ s guide.

A local coordinate system was set up for the flight test. The origin was located approximately 560 feet south-west
of Runway 32. The x-axis of the coordinate system was pardld to runway 14/32, with the coordinate system
oriented per the right-hand-rule. The figure bel ow presentsa planview of the measurement site with the coordinate
system superimposed.
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dGPS / Video Tracker Flight Test B
Fitchburg Municipal Airport 2
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le
vd flyovers (L FOs), takeoffs and approacheswereflown. In addition, system range testswere performed aong with
antenna shidding tests where the arcraft pilot made “hard” and “soft” banks to ensure the performance of the
differentid corrections communication datalink. Two LFOs were flown a 100 ft. increments between 100 ft. and
400 ft., dong with four takeoffs (2 actua and 2 “touch and go”), as well as two approaches and two system range
tests in opposite compass directions.

B.3 Reallts

The system proved to be extremdy reliable. Ingenerd, an RT20 status of “0" was maintained throughout the tests.
The RT20 status did briefly switchto“1" when the aircraft banked to return to the test area between events, and at
very large distances from the airport during the system range tests (9 and 15 miles, respectively). For the periods
when the RT20 status toggled to 1 due to the aircraft banking, it generdly returned to 0 again within 10 to 30
seconds. However, when the status of 1 was due to the large distance from the base station, it took severa minutes
toreturnto O.
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The system also proved to be very accurate. There appeared to be no dataanomaiesin the dGPS data. Further,
when the TSPI data are compared with the VTSP data, very good agreement is seen.

The following two diagrams present a comparison of the TSPl and VTSPl data for asingle event.

VCAF TSPI Flight Test
Event #6: 300' LFO; TSPI ID: 08

1000 200
------- L U TN G K== Keooms
- T 100
800 1 Z
@ o
e Fo
600 1 7
,/. ’
s T -100
400 1 s
2 0 ]
200 1 s -
o - T -300
0 T = /- T T T T
13:01L:56 13.0157 » 7 13:01:58 13:01:59 13:02:00 13:02:00 13:02:01 13:0p:0400
.
-200 1 7 ) . ) . | I
-400 -600
Time Of Day
TSPI Data VTSPI Data TSPI - VTSPI
T.0D X Y Z X Y Z del X del Y del Z
13:01:56.5 -231.1 -522.0 138.8
13:01.57.0 -123.0 -523.3 135.8 -123.9 -524.6 139.6 0.9 1.3 -3.8
13:01:57.5 -15.0 -524.2 133.4
13:01.58.0 92.8 -524.9 131.6 93.3 -524.8 135.3 -0.5 -0.1 -3.6
13:01:58.5 200.5 -525.4 131.1
13:01.59.0 307.9 -525.7 131.8 310.5 -525.9 1334 -2.6 0.1 -1.6
13:01:59.5 4148 -526.0 133.5
13:02.00.0 521.2 -526.3 136.2 525.6 -526.4 135.6 -4.4 0.1 0.7
13:02.00.5 627.2 -526.6 140.3
13:02.01.0 732.7 -526.7 144.8 733.8 -528.9 144.9 -1.1 2.1 -0.1
13:02015 8377 5270 148 8
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Thefollowing diagrampresents XY distance and RT20 solutionstatus versus time for the first of thetwo systemrange
tests. The RT20 dtatus for the two teststurned to a‘ 1' at gpproximately 8.5 milesfor the fird test (to the southeast)

VCAF TSPI Flight Test
Range Test; TSPI ID: 11

35 2

30 1

25 1

T1
— RT20 Status
E 204 2]
: g
] 2]
©
ke &
o J
> 15 o
x
To0
10 1
5 XY Distance
0 T T T T T T T T T -1
13:12:00  13:13:26  13:14:53  13:16:19  13:17:46  13:19:12  13:20:38  13:22:05  13:23:31  13:24:58  13:26:24
Time Of Day

and 14 milesfor the second (to the northwest).
B4  Condusons
The TSPl system performed both religbly and accurately throughout the flight test. Asaresult of the test, severd

minor changes are planned for the software and hardware (see Section| X, “Planned Future Enhancementsto TSP
Software”’), however it was determined that the system is currently flight reedy.
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B.5 System Components
Thefadllowingisalig of systemcomponents used during theflight test. \Where appropriate, current component model
numbers are highlighted after theitem in “[]” with serid numbersinitdics

Base Station

GPS receiver [NovAtd 3151R] CGN94340121
Datarlink radio [GLB SNTR 150] 712136

Laptop computer [IBM Thinkpad 770] 78-CY580

GPS antenna with choke ring [NovAte GPS-503]

Communication antenna [Antenex FG1360]

9-pin to 25-pin serid cable

9-pin to 9-pin null-modem serid cable

TNC GPS antenna cable

BNC communication antenna cable

threaded rod for mounting GPS antenna

miscdlaneous damps/adapters for mounting antennae

Innovative International AC-to-DC converter [SB115A] (powers data-link radio off of AC current)

Rover
(Deployed in ether a*survey” mode or on an aircraft for tracking data)

GPS receiver [NovAtd RT20E] CGK97360001
Datalink radio [GLB SNTR 150] 712137
Laptop computer [IBM Thinkpad 770] 78-CY580

GPS antenna [NovAte GPS-501 (survey mode); GPS-511 (aircraft mode)]

Communication antenna [Dorne & Margolin C63-1/A (straight); C63-2 (bent, better clearance)]
9-pin to 25-pin serid cable

9-pin to 9-pin null-modem serid cable

TNC GPS antenna cable

BNC communication antenna cable

miscd laneous clamps/adapters for mounting antennae

TSPI.EXE software: Version 1.1 5/29/1999
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Appendix C:

Example Analysis of Multipath Data
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A Differentid Globd Postioning System (dGPS) Time-Space-Position-Information TSPl system’s accuracy can,
under certain circumstances, be greetly compromised by the presence of multipath at the base station. Specifically,
a GPS antennamay receive both adirect sgna from a given GPS satdllite, as wel as areflected signa (or severa
reflected sgnas), which would degrade the signal quality and possibly cause inaccurate TSPI. For dl intents and
purposes, multipath at the rover may be neglected.

There are two genera means by which a sysem’s multipath error may be minimized: Insrumentation and Site
Sdection. Within the insrumentation side, there are three specific options. First, smply adding adevice such asa
choke ring to an antenna greatly minmizes the reception of signds originating (reflecting) below the plane of the
antenna. Second, an e evation angle cutoff dgorithm may beimplemented in conjunction with the GPSreceiver, such
that only sgnds above that angle (with repect to the horizon) will be processed. Findly, dua-frequency receivers
and antennae (L1/L2) are available which effectivdy eiminate multipath. Choosing the proper location of a base
station GPS receiver antennaiisa so important for mitigating the effectsof multipath. 1dedlly, the antenna should have
a clear view of the sky down to the horizon, in dl directions. There should be no large, reflective objects (i.e,
buildings, bunkers, cars, etc.) within 500 to 1000 feet of the antenna. In lieu of achoke ring, or smilar device to
minimize ground reflection multipath, the antenna should be placed as close to ground level as possible.

Despite there being no universdly accepted way of measuring/ca culating multipath, there is one relatively common
method used for determining whether multipatherror is potentidly a problemat a particular stefor agiventime period
duringthe day*. After multipath datais collected at a given site, it must be andyzed onasatellite-by-satellite basis.
One andyss method is to plot the difference “Pseudo Range minus Carrier Range” versus time for the time period
of interest. Anexampleof limited duration isshown on thefollowing page. In generd, the plot will gppear asadow,
time-varying curve with a higher frequency “noisg’ component superimposed on that curve. A multipath error will
likely be represented by ariseand fdl (or “scdloping”) of the lower-frequency curve, incongstent withthe remainder
of the curve. Andyses of multipath can dso be performed by examining the associated signd-to-noise (S/N) ratio
asafunction of devationangle for each satelliteand time. A noticesble scalloping effect coinciding with asharp drop
in SN isan indication of multipeth. From the plots for the above-discussed relationships, one can determine what
periods of the day the systemisvulnerable to multipath. Asnoted previoudy, thistype of andysiswould berequired
for dl satellites tracked during the hours of use of the system.

@ “Globa Positioning System: Theory and Applications, Volume 1" American Indtitute of Aeronautics and
Adtronautics, Inc., Washington, D.C.
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VCAF TSPI Multipath Test
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System Stability Test
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DuringaVCAF flight test a Vale Airport, near Grand Canyon, Arizona, a brief sability test was performed onthe
TSP system. With the hopes of determining exactly how long is required to collect accurate survey data a a given
location, data were collected with the rover in afixed survey pogtion for approximately fifteenminutes. Though no
multipathdatawere collected, it was assumed that the Site did not have multipath becausethe terrain was extremely
flat and there were no large or reflective objects within severd thousand feet.

As outlined in the following three diagrams, the latitude and longitude stabilized within goproximately six to nine
minutes. Latitude and longitude stabilizationappearsto correlate to associated standard deviations of between 0.07
and 0.08 feet. The dltitude data was not stabilized after the full 15 minutes, but appeared to be in the process of
converging. It should be noted that the RT20 solution status was & O for the duration of the fifteen minute period,
which per the manufacturers pecifications, indicates better than 20 cm accuracy.
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35.644134
SEOPPRR PP R PR IR FR P RP PP PP DI P
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15-Minute Postion Survey Data
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Presented below are sample data logs to be used during field tests with the VCAF TSPl sysem. Asadl fidd tests
have different data requirements, these are merely presented as examples of the type of datatypicaly logged in the
fidd.

Site Survey
SteName: (name of site) Page_X of _X
DataDirectory: (data directory on hard drive) Date: (mnmv/dd/yy) Observer__ (name)
: File RT20
Timeof Day | TSPI ID X Y Z Comments
Type Status
0700 000 B (NA) - - - Base Station Survey- on hangar roof
0740-50 000 P 0 - - - coordinate system points
0755 000 TPITV 0 0 0 0 Sanity Check- centerline mic
0853 001 TPITV 0 0 492 | 02 Sanity Check- west sideline
microphone
0902 002 TPITV 0 0 -492 -0.3 East sideline microphone
0909 003 TPITV 0 253 178 2 meteorological station

Note: SB, SP and TD file desgnations stand for Survey Base, Survey Point and Track Data, respectively.
Section V, Output File Formats presents the specifics related to these datafiles.
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Flight Test
SteName: (name of site) Page_X of _X
DataDirectory: (data directory on hard drive) Date: (mnmv/dd/yy) Observer__ (name)
: TSPI ID RT20 . :
Time of Da Event # Event Type Direction Comments
Y| (D) Status yP
500 _ ,
1030 004 01 0 LFO N altitude ~ 420
500
1037 005 02 0 LFO S
500 .
1042 006 03 0 LFO N slightly to the west
500
1051 007 04 0 LFO S
500° high altitude jet
1058 008 05 0 LFO N interference
1104 009 06 0 T/IO N
1111 010 07 0 T/O N

Page 71 of 75



Volpe Center Acoustics Facility User’s Guide
Time-Space-Position-Information System (TSPI) Sample Data Logs

Page 72 of 75



Volpe Center Acoustics Facility User’s Guide
Time-Space-Position-Information System (TSPI) Installation of Antennae of Aircraft

Appendix F:

Ingtallation of Antennae on Aircraft
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The following isincluded as useful information for ingdlaion of the GPS and communication antennae required for
use of the VCAF TSPl system.

The GPS and communication antennae need to be indaled onthe outside of the aircraft. The GPS antennae hasto
be ingtaled on the top of the craft, clear of anything whichmay prevent line-of-sight to the sky (i.e., not adjacent to
other large antennae or near the aircraft’ stail). The data-link communication radio antenna hasto beingaled on the
bottom of the craft, clear of anything which may prevent line-of-sght to the GPS base station on the ground.

The datarlink radios utilize a communication frequency of 136.325 MHz.

The GPS antenna, which has a nomina impedance of 50€, provides approximately 26 dB of gain to the GPS
receiver. Assuch, it draws up to 50 mA and requires a polarization voltage of between 4.25 and 18.0 Vc.
Presented below is afootprint of the radio antenna and its specifications.

> @@

Thelarge hale inthe middle of the faceplateisfor the BNC cable used to connect the antennato theradio. Thethree
1/4" holes are for screws used to attach the antenna to the aircraft fuselage or skin-doubler.
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Presented below is afootprint of the GPS antenna and its specifications.
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Aswith the radio antenna, the connector (TNC, male) islocated at the center of the GPS antenna.
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